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Abstract

:

Anaerobic digestion (AD) is a suitable management option for the energy valorization of many wastes, including the organic fraction of municipal solid waste (OFMSW). However, in some cases, long storage after the separate collection of this waste is required for management reasons, especially when the amount of waste to be treated temporarily exceeds the capacity of available AD plants. This study evaluates the biochemical methane potential (BMP) of the OFMSW after preliminary storage of 2, 6, and 10 days, in order to assess whether they are still suitable for AD or not. Moreover, the accuracy of three kinetic models (first order, Gompertz, and logistic models) in estimating the methane yield of stored OFMSW is tested. The resulting methane yield was between about 500 and 650 NmL·gVS−1 and slightly increased with the increase of the storage time after collection. Overall, this study has demonstrated that storage of OFMSW, when the collected amount of solid waste exceeds the treatment capacity of AD plants, a storage time up to 10 days does not impact the methane yield of the process.
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1. Introduction


Anaerobic digestion (AD) is a sustainable and commercially-mature process that allows the conversion of biodegradable waste into biomethane [1]. A wide range of liquid and solid substrates can be fed in the anaerobic digesters, including municipal waste, agricultural and food industry by-products, and animal breeding residues among others [2,3,4]. The organic fraction of municipal solid waste (OFMSW), also indicated as food waste, is one of the main fractions of municipal solid waste (MSW) [5,6]. OFMSW is a suitable substrate for AD, due to the high biodegradability and biomethane yield [7,8,9]. However, several strategies have been proposed over the years to optimize AD of OFMSW: pretreatment (e.g., chemical [10], thermal [11], microwave assisted [11]), process set-up (temperature [12], organic loading rate [11], type of digester [13,14]), co-digestion with other substrates [15]. Moreover, the separate collection and treatment of OFMSW prevent its disposal into landfills, and this gives two advantages: energy is produced through AD, and greenhouse gases emissions due to fugitive methane emissions from landfills are avoided [16].



Public institutions at the national level frequently issue regulations, in order to encourage valorization of MSW including OFMSW [17,18]. In many countries, current regulations require that MSW must be separately collected from other waste for its valorization. For instance, in Italy, the minimum level of separate collection set by the national regulation is equal to 65%. To get this high level, the collection of OFMSW is vital, since it usually represents the largest MSW fraction [6]. The separately-collected OFMSW is treated by composting, AD, or combined processes (AD followed by composting) [17]. In some local contexts, the capacity of treating plants does not follow the continuous increase in the separate collection. This imbalance determines important management issues with possible environmental and economic constraints.



For example, the Italian regulations [19] consider the OFMSW that is temporarily stored for more than 72 h after collection as unsuitable for composting plants, in order to avoid odor emissions and other environmental issues. Therefore, in these cases, this MSW fraction must be treated as mixed waste and sent to landfills. The consequences are obviously severe under both the economic and environmental points of view: citizens are not encouraged to increase separate collection and must also support the high cost for the separate collection of OFMSW without any benefits from its valorization. Moreover, the OFMSW stored in landfills releases biogas and leachate, which may pollute air, soil, and groundwater [16,20,21].



The separate collection of OFMSW is usually performed using two main models [5], namely (i) the door-to-door and (ii) the curbside collection; the frequency of both collection systems generally ranges from daily to weekly. As such, the preliminary storage before treatment cannot be avoided. A preliminary deposit time includes in-house storage before collection (i.e., the time between two consecutive drop-offs, which on average is two days according to the usual Italian schedule for waste collection) and storage in municipal depots before treatment.



The preliminary storage process can be considered a form of high-solids micro-aerobic/anaerobic biologic pretreatment [22]. In fact, during this pre-treatment, enzymatic hydrolysis occurs, due to the presence of hydrolytic anaerobic and facultative bacteria, such as Clostridium, Enterobacterium, and Streptococcus [23]. These microbial strains are able to produce extracellular enzymes that break the cellulose, hemicellulose, and lignin walls in vegetable waste and make proteins, lipids, and other readily biodegradable compounds available (e.g., sugars) [24,25].



The scientific literature on the effects of preliminary storage before the AD of separately-collected OFMSW is scarce, both because the separate collection of OFMSW is common only in some, mainly European, countries (e.g., Germany and Italy [6,26]) and because the storage of this highly biodegradable waste is not a common practice in MSW management. In fact, worldwide, management modes different from those based on separate collection are adopted; often the OFMSW is collected together with mixed waste and destined for incineration [26,27] or landfilling. Another option is the disposal in sewers after mechanical treatment (grinding) [28], however, the benefits of its separate collection and AD treatment have been clearly demonstrated by several authors [26,28].



About the few studies available on the specific topic of this research, Lü et al. [29] stored OFMSW for 0 to 12 days, and then found an increasingly high biochemical methane potential (BMP), as preliminary storage time increased (285–308 NmL·gVS−1 for storage of 2–4 days, and 618–696 NmL·gVS−1 for 5–12 days of storage). Degueurce et al. [30] found that OFMSW stored for a time up to 16 days lost up to 30% of its initial weight, although its specific methane production increased by about 25%. Feng et al. [31] report that pre-fermentation for 3 days did not influence significantly the BMP of food waste but biomethane production for pre-fermented substrate was faster in the first days. Nilsson Påledal et al. [32] outline a general decreasing trend for BMP with the increase of time but with significant differences if the storage was lower than 10 days and also with respect to environment temperature (e.g., winter and summer conditions) and storage conditions (e.g., in a plastic or paper bag).



The preliminary storage may be an essential step of the management process when the collected amount of OFMSW exceeds the capacity of treatment plants. Therefore, when this waste is destined for AD, the correct evaluation of the BMP after storage is necessary, in order to assess its feasibility. Therefore, this study integrates and consolidates the knowledge about the effects of preliminary storage before the AD of separately-collected OFMSW, evaluating the biochemical methane potential (BMP) of the OFMSW after storage of 2, 6, and 10 days, in order to assess whether they are still suitable for AD or not. Moreover, the accuracy of three kinetic models (first order, Gompertz, and logistic models) in estimating the methane yield of the stored OFMSW is assessed. We hypothesize that: (i) the organic matter losses throughout the storage after OFMSW collection may reduce the methane yield of AD, and (ii) some of the three prediction models may give accurate estimations of the cumulated specific methane yields after the storage process.




2. Materials and Methods


2.1. OFMSW Preparation and Characterization


Synthetic OFMSW samples (700 g) were prepared in the laboratory, following the composition shown in Table 1 and in accordance with a previous study [33].



In order to simulate the conditions of a real waste, each sample was stored at room temperature (about 22 °C) for 2, 6, and 10 days in bioplastic bags commonly used for separate collection of OFMSW [34]. To summarize, a total of four samples were prepared:




	
Raw sample, (hereafter indicated as S0days, used as control)



	
Sample stored for 2 days (S2days)



	
Sample stored for 6 days (S6days)



	
Sample stored for 10 days (S10days)








During storage, the samples were periodically weighed to record the weight loss [35]. After storage, pH, total solids (TS), and volatile solids (VS) were measured on the samples according to the standard methods [36].




2.2. BMP Tests on Stored OFMSW


BMP tests were carried out in triplicate for each substrate under mesophilic (35 ± 0.5 °C) conditions using a self-developed method [37,38]. This method is, however, in compliance with the Italian standard procedure for BMP tests, UNI/TS 11703:2018, and standardized international protocols [39].



The biochemical methane potential (BMP) tests were carried out using glass bottles that were placed in a thermostatic cabinet and mixed with a magnetic stirrer. Each bottle (volume 1.1 L, WTW-Germany) had three necks (two side necks, equipped with septa and the central main neck closed with a stopper) and was loaded with the inoculum, organic substrate, diluting water, and nutrient solutions prepared according to UNI/TS 11703:2018 (Table 2); the volume of each batch was set a 400 NmL.



Three times a week, the produced biogas was gently transferred into a second bottle containing an alkaline solution (alkaline trap—NaOH solution, 3 M) where CO2 was removed and methane production was evaluated with the water displacement method [40].



The inoculum was a liquid digestate coming from previous experiments carried out in the same laboratory and stored at 35 ± 0.5 °C until the test; inoculum was also characterized before the test.



As required by the UNI/TS 11703:2018 norm, a further BMP test was carried out on inoculum only (blank), in order to measure the non-specific methane production.



Each BMP test lasted 27 days. The daily and cumulated yield of methane was measured. In accordance with the aforementioned norm, the BMP was stopped when the daily production was lower than 1% of the cumulated volume of methane.




2.3. Modeling of OFMSW Methane Yield


The following models were used to estimate the cumulative methane production based on data from the BMP tests: first-order kinetics [42], Gompertz, and logistic. Their analytical expression is reported in Equations (1)–(3), respectively:


  B =  B 0      ×  [  1 − e x p  (  − k × t  )   ]   



(1)






  B = P × e x p  {  − e x p  [     R  m e    P   (  λ − t  )  + 1  ]   }   



(2)






  B =    B 0    1 + b ×  (  − k × t  )     



(3)




where:




	
B0 (or P) and B (NmL∙gVS−1) are the asymptotic and t-th day cumulative methane yields, respectively.



	
k (d−1) is the kinetic constant.



	
Rm (NmL gVS−1∙d−1) is the maximum methane production rate.



	
λ (d) is the duration of the lag phase.



	
b is a numeric constant of the model (3).



	
t (d) is the hydraulic retention time.








P, Rm, λ in Equation (2), k and B0 in Equation (1) and B0, b and k in Equation (3) were determined through the Excel tool “Solver” by minimizing the sum of square errors between the model and the experimental mean values.




2.4. Final Digestate Analyses


At the end of the test, the digestate (the residue of AD) from each batch was characterized [36], measuring pH, TS, VS, the concentration of total volatile fatty acids (VFAs), and the volatile organic acids/buffering capacity (FOS/TAC) ratio [43]. The latter two parameters were determined using a four-point titration method. Before the titration, the digestate sample was prepared by centrifugation at rpm for 10 min. Then, 20 mL of the liquid phase was poured into a beaker with an immersed pH electrode and a magnetic stirrer, to ensure a constant mixing of the sample and the added solution (0.1 N sulfuric acid solution). The amount of solution needed to have a pH of 5.0, 4.4, 4.3, and 4.0, respectively, was measured. This allowed calculating the parameters by Equations (4) and (5) [43,44].


  V F A s    [  m g ·  L  − 1    ]  =  [  131340 ×  (   V  p  H  4.0     −  V  p  H  5.0      )  ×    N   H 2  S  O 4       V  s a m p l e      ]  −  [  3.08 ×  V  p  H  4.3     ×    N   H 2  S  O 4       V  s a m p l e     × 1000  ]  − 10.9    



(4)




where:




	
   V  p  H  4.0       = Volume in mL of added solution until pH = 4.0



	
   V  p  H  4.3       = Volume in mL of added solution until pH = 4.3



	
   V  p  H  5.0       = Volume in mL of added solution until pH = 5.0



	
   V  s a m p l e     = Volume in mL of sample (20 mL)



	
   N   H 2  S  O 4      = Normality of acid solution (0.1)










    F O S   T A C   =    [   (   V  p  H  4.4     × 1.66  )  − 0.15  ]  × 500    V  p  H  5.0     × 250      



(5)




with FOS expressed as acetic acid equivalent (mgCH3COOH∙L−1) and TAC as calcium carbonate equivalent (mgCaCO3∙L−1).




2.5. Statistical Analysis


A one-way Analysis of Variance (ANOVA) was applied to each of the analyzed parameters (pH, VS, TS, and cumulated specific yield of methane, considered as response variables), assuming time as the variable parameter. The statistical significance of the differences in the response variables was evaluated through pairwise comparisons using Tukey’s test (at p < 0.05). To satisfy the equality of variance and normal distribution of sample distribution, the data were processed by normality tests or were square root-transformed whenever necessary. All statistical tests were carried out using XLSTAT rel. 2019.1 software (Addinsoft, Paris, France).





3. Results


3.1. OFMSW Characterization


During storage, the weight loss of the OFMSW significantly increased from 0.07% (after two days, sample S2days) to 24.9% (after 10 days, S10days) (Table 3).



The pH slightly decreased (from 5.9 ± 0.12, S0days, to 4.9 ± 0.04, S6days) in the first days and then stabilized. Moreover, the VS content slightly decreased over time, from 96.1 ± 0.14%, S0days, to 94.7 ± 0.17%, S10days. The difference was significant only between the samples collected without any storage and after 10 days. In contrast, the decrease in TS over time was not monotonic, since the highest VS content was measured after two days of storage (sample S2days, 25.0 ± 1.43%) and the highest content after six days (S6days, 33.9 ± 0.82%). Only the latter content of VS was significantly different from the other samples (Table 3).




3.2. Biogas and Methane Yield of OFMSW


The maximum biogas and methane yields of the stored OFMSW was measured for the sample stored for six days (874 ± 5.8 NmL·gVS−1 and 644 ± 7.8 NmL·gVS−1, respectively) compared to the values measured after two days (683 ± 18.3 and 495 ± 14.0 NmL·gVS−1). The methane yield of the sample stored for 10 days slightly decreased (compared to the value of the sample S6days) to 804 ± 45.4 and 594 ± 34.3 NmL·gVS−1, respectively; this decrease was also significant compared to the other samples. The mean methane content was between 48.0 ± 7.0% (S2days) and 53.0 ± 7.07 (S10days) (Table 4).




3.3. Estimation of OFMSW Methane Yield by Prediction Models


Figure 1 depicts the cumulated methane production of OFMSW for the three samples and the fitting by the three prediction models, while Table 5 reports the model parameters.



The logistic model was the most reliable to estimate the methane yield after 2 and 10 days of storage with a coefficient of determination (R2) of nearly 1 and over 0.98, respectively, while the first-order model was less accurate compared to the other tested models, since did R2 not exceed 0.991. The modified Gompertz model also fitted very well the experimental measures, as shown by a minimum R2 of 0.996 (Table 5).



The first-order kinetic model gave k values ranging from 0.129 (S10days) to 0.223 (S6days). The modified Gompertz model did not show any lag phase for all the samples except that for sample. S10days Rm, the kinetic term in the Gompertz model, was the same (0.06 (NmL gVS−1∙d−1)) for the samples S2days and S10days while it was higher by 50% for the sample S6days. This trend is confirmed for the kinetic term (k) in the Logistic model with similar values for samples S2days and S10days and a higher value for S6days.





4. Discussion


The BMP tests after storage with different durations have allowed the evaluation of the possible energy losses during the process. Storage determined weight loss of the OFMSW, which significantly increased over time, and this increase was presumably due to water evaporation thanks to the consistency of the biodegradable bag [35].



The slight increase in pH and decrease in VS content during storage were expected since the acids of OFMSW were degrading and OM degraded. The non-monotonic decrease in TS over time was not monotonic, since the highest VS content measured after two six days should presumably be an outlier, due to an imperfect composition of the sample for substrate heterogeneity. It is worth noting that the aforementioned difference in TS of the sample S6days might not affect the measured BMP since the latter is referred to a specific amount (1 g) of VS.



The sample stored for six days gave the maximum energy yield of the stored OFMSW, while the methane potential was lower for the other storage times, especially for a storage process lasting two days. Presumably, throughout the early days of storage, hydrolysis facilitated the subsequent digestion process, while, if the storage was prolonged, a higher share of organic matter would have been lost. These results are basically in agreement with other studies [29,30], where the maximum BMP was recorded after storage of 5–7 days.



To fully appreciate the effect of the storage, the evaluation of the VS loss over time by a simple mass balance is needed. After two days, the substrate had lost 11.6% of the initial VS content. After six days, an increase of 5.9% was recorded; the loss increased to 23.1% after 10 days. The lower loss recorded after six days may be another proof of the different sample compositions. For these reasons, the specific methane production referred to as the initial VS content was not calculated for this sample.



A survey on 102 samples collected worldwide [45] reported an average value of 460 NmL·gVS−1 that is very close to the measure of this research for S2days sample. When the yield was referred to the initial VS content rather than to the current value (that is, to the VS content on the second or tenth day of the test) the specific methane production was 436 ± 15.1 (sample S2days) and 457 ± 32.3 (S10days) NmL·gVS−1, respectively. This confirms that even if the VS loss is accounted for the BMP remains very close to the worldwide average [45].



These values confirm that storage does not reduce the methane yield of the AD of the OFMSW separately collected.



Regarding the methane yield prediction, all the three tested models showed high reliability, shown by the exceptionally high coefficients of determination. The logistic model generally was the most accurate, while the first-order model showed the less satisfactory prediction capacity for the shortest storage duration (two days).



In addition to the ultimate production, presumably thanks to efficient hydrolysis during storage, methane production is faster for the sample S6days, this result is basically in agreement with that reported by Feng et al. [31]. The prediction of the ultimate methane production is similar for all the models.



This paper demonstrates that this topic is worthy of further research. Future steps are the use of larger samples (about 15 L) of real waste randomly sampled over the different seasons of the year to evaluate the impact of both the variation of OFMSW composition and of environment temperature. Another planned improvement is the use of larger reactors (2–4 L) for BMP measurement.




5. Conclusions


The BMP tests performed at lab scale on household organic waste stored for a period of 2, 6, and 10 days regularly evolved, yielding a slightly higher methane production (between 600 and 650 NmLCH4·gVS−1) compared to the mean values of the global literature. Moreover, the study has indicated that storage after collection does not reduce the methane yield of the anaerobic process, in spite of the expected organic matter losses. The three prediction models tested used the laboratory data gave accurate estimations of the cumulated specific methane yields, also if the logistic model seemed slightly more reliable and accurate compared to the Gompertz and first-order ones.



Overall, this study has indicated that storage of OFMSW up to 10 days does not impact the methane yield of the process when the collected amount of solid waste exceeds the treatment capacity of AD plants; however, the practical problems concerning the management of the storage related to the production of leachate and to odors emissions must be taken into account.
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Figure 1. Specific cumulated production of methane measured in the BMP tests and modeled by three prediction models after 2 (a), 6 (b), and 10 (c) days of OFMSW storage. 
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Table 1. Composition of synthetic OFMSW samples used in this study.






Table 1. Composition of synthetic OFMSW samples used in this study.





	Fraction
	%
	Weight [g]





	Vegetable waste (lettuce)
	30
	210



	Fruit waste(fig peels)
	20
	140



	Potato waste
	10
	70



	Meat waste (bovine meat)
	12
	84



	Fish waste (stockfish skin)
	5
	35



	Dairy waste (cheese crust)
	3
	21



	Dry bread
	8
	56



	Cooked rice
	6
	42



	Cooked pasta (spaghetti)
	6
	42
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Table 2. Experimental settings of the batch reactors for the BMP tests.






Table 2. Experimental settings of the batch reactors for the BMP tests.





	Substrate
	Substrate (g)
	TS (%)
	S/I
	pH





	S2days
	6.0
	1.8
	0.3
	7.23 ± 0.06



	S6days
	4.4
	1.8
	0.3
	7.23 ± 0.06



	S10days
	5.3
	1.8
	0.3
	7.30 ± 0.00







Note: TS = total solids; S/I = substrate to inoculum ratio in terms of Volatile Solids [39,41].
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Table 3. Characterization of inoculum and substrates used for the BMP tests.
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	Substrate
	Weight Loss [%]
	pH
	TS [%]
	VS [%TS]





	Inoculum
	-
	7.6 ± 0.05
	1.90 ± 0.03
	62.7 ± 1.48



	S0days
	-
	5.9 ± 0.12 a
	26.7 ± 0.34 ab
	96.1 ± 0.14 a



	S2days
	0.07 a
	5.4 ± 0.12 b
	25.0 ± 1.43 a
	95.5 ± 0.20 ab



	S6days
	7.55 b
	4.9 ± 0.04 c
	33.9 ± 0.82 c
	95.1 ± 1.01 ab



	S10days
	24.9 c
	5.4 ± 0.03 b
	28.3 ± 0.97 b
	94.7 ± 0.17 b







Notes: TS = total solids; VS = volatile solids; different letters indicate significant differences at p < 0.05.
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Table 4. Biogas and methane yields of the BMP tests.
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Substrate

	
Sample

	
Biogas Yield

(NmL·gVS−1)

	
Methane Yield

(NmL·gVS−1)

	
Methane Content (%)






	
S2days

	
1

	
683 ± 18.3 a

	
495 ± 14.0 a

	
48.0 ± 7.0 a




	
2




	
3




	
S6days

	
4

	
874 ± 5.8 b

	
644 ± 7.8 b

	
52.0 ± 3.5 b




	
5




	
6




	
S10days

	
7

	
804 ± 45.4 b

	
594 ± 34.3 b

	
53.0 ± 7.1 b




	
8




	
9








Notes: VS = volatile solids; different letters indicate significant differences at p < 0.05.
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Table 5. Parameters of the prediction models to estimate the OFMSW methane yield.
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Prediction Model




	
Substrate

	
First Order

	
Gompertz

	
Logistic




	

	
B0

(NmL∙gVS−1)

	
k

(d−1)

	
R2

	
P

(NmL∙gVS−1)

	
λ

(d)

	
Rm

(NmL∙gVS−1∙d−1)

	
R2

	
B0

(NmL∙gVS−1)

	
k

(d−1)

	
B

	
R2






	
S2days

	
0.501

	
0.191

	
0.991

	
0.488

	
0.000

	
0.060

	
0.998

	
0.489

	
0.363

	
4.272

	
0.999




	
S6days

	
0.638

	
0.223

	
0.999

	
0.625

	
0.000

	
0.090

	
0.998

	
0.621

	
0.514

	
6.330

	
0.997




	
S10days

	
0.636

	
0.129

	
0.997

	
0.597

	
0.574

	
0.060

	
0.996

	
0.587

	
0.404

	
10.164

	
0.998
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